metabolism. The current work using mice with an embryonic and hepatocyte-specific Smo deletion describes an adverse impact of the hepatic Hedgehog pathway on female fertility. In female SAC-KO mice, we detected androgenization characterized by a 3.3-fold increase in testosterone at 12 weeks of age based on an impressive induction of steroidogenic gene expression in hepatocytes, but not in the classic steroidogenic organs (ovary and adrenal gland). Along with the elevated level of testosterone, the female SAC-KO mice showed infertility characterized by juvenile reproductive organs and acyclicity. The endocrine and reproductive alterations resembled polycystic ovarian syndrome and could be confirmed in a second mouse model with conditional deletion of Smo at 8 weeks of age after an extended period of 8 months. We conclude that the down-regulation of hepatic Hedgehog signaling leads to an impaired hormonal balance by the induction of steroidogenesis in the liver. These effects of Hedgehog signaling inhibition should be considered when using Hedgehog inhibitors as anti-cancer drugs.
Introduction
The liver is an organ with a huge variety of metabolic functions, i.e., the control of glucose homeostasis by regulating glycogenolysis and gluconeogenesis (Han et al. 2016) as well as lipid metabolism, including de novo lipogenesis and β-oxidation (Ameer et al. 2014) . Furthermore, hepatocytes are a major player in the metabolization of xenobiotics (Almazroo et al. 2017) and have the ability for autophagy (Ueno and Komatsu 2017; Gebhardt and Coffer 1 3 2013) . Morphogenic pathways were recently demonstrated to be key players in the fine tuning of most of these metabolic processes. For example, Wnt/β-catenin signaling contributes to the homeostasis of hepatic glucose and ammonia metabolism (Monga 2011; Sethi and Vidal-Puig 2010) . Additionally, we could show the involvement of Hedgehog (Hh) signaling in the regulation of central metabolic processes in the adult liver (Matz-Soja et al. 2013 .
In mammals, the Hh pathway can act in a canonical and in two non-canonical ways that are reviewed in detail by Teperino et al. (Teperino et al. 2014) . Because the canonical pathway seems to be the preferred one in hepatocytes, the following work was focused on the transcriptional effects of the canonical Hh pathway, but it cannot be ruled out that non-canonical influences occur as well. In healthy hepatocytes, mostly the ligand Indian Hedgehog (IHH) binds to the receptor proteins Patched 1 (PTCH1) and Patched 2 (PTCH2) and activates the signaling cascade by influencing the co-receptor Smoothened (SMO). Finally, these changes lead to a shift in the signature of the three transcription factors, the glioma-associated oncogene homologs 1, 2 and 3 (GLI1/2/3) (Matz-Soja et al. 2016) . The GLI factors form a stable expression network with a specific code, resulting in the activation or repression of Hh target genes (Stecca and Ruiz I Altaba 2010; Aberger and Ruiz I Altaba 2014; Schmidt-Heck et al. 2015) . Because Hh signaling is activated in approximately 25% of all cancer deaths (Hovhannisyan et al. 2009 ), the pathway, and especially SMO, is a highly interesting target for treatment, so that SMO inhibitors such as cyclopamine, vismodegib and sonidegib are tested in clinical trials (Robinson et al. 2015; Migden et al. 2015) .
Although the anti-cancer effects in these trials are very promising, increased awareness for potential toxicological side effects on the body is necessary during and after the treatments. Our previous study discovered interesting aspects of the role of the Hh pathway in the adult liver. Therefore, we established two hepatocyte-specific Smo knockout mouse models and observed, independently of embryonic (SAC mice) (Matz-Soja et al. 2014) or conditional (SLC mice) (Matz-Soja et al. 2016 ) deletion of Smo in hepatocytes, similar phenotypic effects.
For example, we showed that hepatocyte-specific downregulation of the Hh pathway has dramatic influences on the hepatic insulin-like growth factor (IGF) axis (MatzSoja et al. 2014 ) and lipid metabolism (Matz-Soja et al. 2016) . We observed excessive lipid accumulation in the liver with typical features of non-alcoholic fatty liver disease (NAFLD). In the current work, we present results that a hepatic knockout of Smo is also associated with androgenization and infertility in female SAC mice. The mice exhibit increased testosterone levels and signs of ovulatory dysfunction. Our study shows that the Hh signaling pathway in hepatocytes has a major impact on the reproduction and regulation of adult hepatic steroid hormone synthesis.
Materials and methods

Maintenance of the mice and feeding
We established two knockout mouse models with a hepatocyte-specific deletion of Smo. In the SAC mice, the expression of the Cre recombinase is under the control of the mouse albumin promoter and the α-fetoprotein enhancer so that the Smo ablation occurs embryonically (day 9.5 post coitum) (Matz-Soja et al. 2014 ). In the SLC mice, the expression of the Cre recombinase is under the control of the liver activator protein (LAP) promotor and doxycycline. The deletion of Smo was induced at 8 weeks of age by an administration of 10 mg/ml doxycycline in the drinking water (Matz-Soja et al. 2016) .
The mice were maintained in a pathogen-free facility on a 12:12 h LD cycle, according to the German guidelines and the world medical association declaration of Helsinki for the care and safe use of experimental animals. The animals had free access to regular chow (ssniff ® M-Z V1124-0 composed of 22.0% protein, 50.1% carbohydrate, 4.5% fat; usable energy: 13.7 kJ/g; ssniff ® Spezialdiäten GmbH, Germany) and tap water throughout life. The SAC mice were studied at 3 months of age, the SLC mice at 3 and 8 months (Fig. S1 ). All mice were killed between 9 and 11 am after administration of an anesthetic mixture of ketamine, xylazine and atropine.
Isolation of primary mouse hepatocytes
The primary hepatocytes were isolated from female transgenic mice by a collagenase perfusion technique as described before (Gebhardt et al. 2003) . By differential centrifugation, the cell suspension was cleared of nonparenchymal cells (Matz-Soja et al. 2014 ).
Histology of reproductive organs
A detailed method description of the histology of the reproductive organs is given in the online Supplementary Information.
Quantification of steroid hormones in mouse serum
Steroid hormones were quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) similar to a described method (Johänning et al. 2015) using the respective deuterium labeled analogs as internal standards. A detailed method description is given in the online Supplementary Information.
RNA isolation and quantitative real-time PCR (qPCR)
Total RNA from hepatocytes, liver tissue and other organs was extracted by peqGOLD RNAPure™ (VWR) and RNeasy ® Mini Kit (Qiagen). The RNA was reverse transcribed with the Proto Script M-MuLV First Strand cDNA Synthesis Kit (New England Biolabs) with a mix of oligod(T) and random primers. The resulting cDNA was quantified in duplicates by qPCR using the Rotor-Gene SYBR ® Green PCR Kit and a Rotor-Gene Q (Qiagen). For each target, a gene-specific and intron-spanning primer was designed with Primer 3 (Table S1 ). The standard curve method was applied for an absolute quantification of the specific qPCR products. As reference gene, β-Actin was used.
Affymetrix microarray
For the microarray, the RNA from primary hepatocytes was used for hybridization with GeneChip Mouse Genome 430 2.0 Arrays (Affymetrix). A detailed method description is given in the online Supplementary Information.
Study design and statistical analyses
Most experiments were repeated 2-3 times with different quantities of biological replicates (n = 4-16) as indicated in each figure. The number of technical replicates depended on the type of experiment and was mostly duplicates or triplicates (not shown). Outliers were identified with the ROUT test of GraphPad Prism 6 (aggressiveness 0.2%).
The Smo knockout was validated by qPCR. For hepatocytes and liver tissue, all samples of KO mice with up to 50% reduced Smo expression in comparison to mean WT expression were used for further analyses.
Values are plotted as average of biological replicates ± standard deviation. The statistical evaluation was performed with the unpaired Student's t test. The null hypothesis was rejected at the p < 0.05 (*); p < 0.01 (**) and p < 0.001 (***) levels.
Results
Breeding behavior of SAC-KO mice
The transgenic mouse line with hepatocyte-specific ablation of the Smo gene (abbreviated SAC-KO mice) has been described in detail previously (Matz-Soja et al. 2014) . Because the expression of the Cre recombinase in these mice is under the control of both the mouse albumin promoter and α-fetoprotein enhancer, the deletion of Smo occurs at day 9.5 post-coitum shortly after the liver bud develops (Kellendonk et al. 2000) ; see the timeline in Fig.  S1a .
Once we started breeding SAC mice, we noticed that female, but not male, SAC-KO mice were infertile, i.e., they had no offspring. Thus, for breeding, male Smo flox/flox Cre recombinase-positive and female Smo flox/flox Cre recombinase-negative mice have to be mated.
Macroscopic and microscopic features of reproductive organs in female SAC-KO mice
The reproductive system of SAC-KO mice appeared immature; both ovaries and uteri were small compared with the organs in SAC-WT (wild-type) mice. The ovaries were of striking pearly-white-yellow appearance and only showed protruding antral follicles on their surface. Corpora lutea were not visible. By contrast, SAC-WT littermates exhibited an ovary appearance expected for their age with both follicles and corpora lutea present (Fig. 1a) .
Acyclicity was further substantiated in SAC-KO mice by the uniform appearance of the vaginal mucosa (Fig. 1c) . The mucosa of the SAC-KO vaginas was characterized by a non-keratinizing stratified squamous epithelium infiltrated by leucocytes (predominantly eosinophils and neutrophils). The leucocytes migrated from the lamina propria into the epithelium and accumulated in large clusters close to the epithelial surface. By contrast, the vaginal mucosa of SAC-WT mice revealed normal variation in the epithelial morphology of cycling mice, e.g., transition from a nonkeratinized, mucous secreting epithelium at di-/proestrus to a keratinized epithelium with invading leucocyte at estrus/ metestrus (Fig. 1c) .
The tissue area of SAC-KO mice ovaries was smaller than that of SAC-WT ovaries. An area difference of 25% remained when the smaller body size of SAC-KO mice compared with that of SAC-WT mice was considered (Fig. 1b, d ). The ovaries of SAC-KO mice showed no indications of ovulation and corpora lutea formation, whereas SAC-WT mouse ovaries showed 4-7 corpora lutea per ovary (Fig. 1b, e) . A quadratic regression analysis of the hepatic Smo expression and corpora lutea quantity of SAC-WT, SAC heterozygous and SAC-KO mice showed a strong correlation with a coefficient of 0.91, confirming that the anovulatory phenotype was caused by the hepatic deletion of Smo (Fig. 1f) .
The ovaries of the SAC-KO mice presented follicles in all stages of development and regression (Fig. S2a) , except healthy preovulatory follicles (>350 µm). The amount of healthy follicles was significantly lower in SAC-KO ovaries than in SAC-WT ovaries for all three follicle size groups, while the number of atretic follicles was comparable (Fig. S2b) . In line with this finding, the rate of atresia among growing follicles was significantly higher in SAC-KO mice than in SAC-WT mice in all three follicle size groups (Fig. S2c) . The higher number of atretic antral follicles in SAC-KO ovaries suggested an increase in collapsed zonae pellucidae in the interstitial ovarian tissue. Interestingly, the number of collapsed zonae pellucidae was, however, not significantly different in the ovaries of SAC-KO mice compared with that in SAC-WT counterparts (Fig. S2d) .
The striking pearly-white yellow color and severe disturbance of follicle maturation in the ovaries of SAC-KO mice suggested that the observed anovulation is partly a result of an abnormal morphological and functional transformation of fibroblastic elements in the interstitial tissue and in the developing thecas. The interstitial gland cells of SAC-KO mice were noticeably large, showed a lightly stained pale cytoplasm and appeared metabolically hyperactive (Fig.  S2e) . The absolute number of nuclei per interstitial gland cell area in the medulla was significantly lower in SAC-KO mice than in SAC-WT mice, reflecting the hypertrophic phenotype of the interstitial gland cells in SAC-KO ovaries (Fig. S2f) .
Altered hepatic gene expression and regulation of steroidogenic parameters in female SAC-KO mice
Because the knockout of Smo is hepatocyte specific, we focused our further investigations on the liver to reveal changes in hepatocytes that might be responsible for the phenotype. An Affymetrix microarray analysis with primary hepatocytes provided a wide range of genes regulated in their expression in female SAC-KO mice compared with that in SAC-WT mice. In total, 122 and 148 genes were more than twofold up-and down-regulated, respectively (Fig. 2a) . Analyses using the Cytoscape plug-ins BiNGO and CluGO identified significantly regulated GO terms (Table S3 ). Many of the GO terms for the up-regulated genes are associated with lipid metabolism. For instance, in the GO terms 'lipid metabolic process' (adjusted p value 3.10E−08) and 'fatty acid metabolic process' (adjusted p value 1.23E−04) are 33 and 13 genes, respectively, increased in SAC-KO mice. Interestingly, also genes of the GO terms related to steroid metabolism were significantly elevated, such as 'steroid metabolic process' (adjusted p value 7.21E−03), 'steroid biosynthetic process' (adjusted p value 2.95E−02) and 'androgen biosynthetic process' (adjusted p value 9.29E−03). The analysis with the downregulated genes disclosed some interesting GO terms as well. In the GO term 'reproduction' (adjusted p value 9.86E−04), 20 genes were decreased, and the terms 'insulin-like growth factor receptor signaling pathway' (adjusted p value 2.24E−02), 'female mating behavior' (adjusted p value 2.24E−02) and 'fertilization' (adjusted p value 4.54E−02) showed significant alterations. Figure 2b shows a network of the possible interactions of the most interesting GO terms and associated genes.
Following the hint of the Affymetrix microarray indicating several GO terms related to increased steroid metabolism, we quantified the expression of steroidogenic enzymes in primary hepatocytes by qPCR measurements. Indeed, we found hepatic induction in the expression of genes involved in the initial steps of steroid hormone biosynthesis. For Star (steroidogenic acute regulatory protein), we obtained a trend of up-regulation (1.4-fold) and, for Cyp17a1 (steroid 17α-hydroxylase), a highly significant increase (2.1-fold) in SAC-KO mice compared with that in SAC-WT mice (Fig. 2c) . Interestingly, the transcripts of the enzymes further downstream, namely the hydroxysteroid dehydrogenases (Hsd), were significantly reduced in SAC-KO mice compared with those in SAC-WT mice (Fig. 2c) . Hsd3b1 and Hsd3b2 are involved in the conversion of pregnenolone to progesterone or DHEA to androstenedione, and Hsd17b2 inactivates testosterone by its conversion back to androstenedione.
Furthermore, we measured the concentrations of several sex steroids in the plasma of female SAC mice. The testosterone (TESTO) levels showed a more than 3.3-fold significant increase in SAC-KO compared with that in SAC-WT mice (Fig. 2e) . Its precursor, androstenedione (ANDRO), was also elevated, while progesterone (PROG) was not altered. Dehydroepiandrosterone sulfate (DHEAS) and estrone sulfate (E1S) were not detectable (Fig. 2e) .
Because sex steroids are mainly produced in the gonads and adrenal glands, we also quantified steroidogenic genes in the adrenal gland and ovary tissue of female SAC-KO mice but found no relevant changes in the expression (Fig.  S3a and b) . These results corresponded well with the deletion of Smo that was highly significant only in hepatocytes but not in the adrenal glands and ovaries in SAC-KO females (Fig. 2d) .
Hepatocellular deletion of Smo during adolescence largely mirrors the phenotype induced in the embryonic state
As the Hh signaling pathway plays an important role in developmental processes during embryogenesis, a deletion of Smo in this stage could alter the fetal and neonatal liver functions. To exclude that the observed phenotype in female Fig. 1 Reproductive system of female SAC-WT and SAC-KO mice. a Picture of reproductive organs with marked ovaries (Ov), uteri (Ut) and corpora lutea (arrow) of SAC-WT and SAC-KO mice. b Representative H&E sections of SAC-WT and SAC-KO ovaries with and without corpora lutea (stars), respectively (magnification ×40). c H&E stained sections of SAC-WT and SAC-KO vaginas demonstrating variation and uniformity of the vaginal mucosa, respectively (magnification ×40). d Ratio of ovary area/body weight of SAC-WT (n = 8) and SAC-KO mice (n = 4). e Quantity of corpora lutea in SAC-WT and SAC-KO mice (n = 5). f Quadratic regression analysis of hepatic Smo expression and corpora lutea quantity with a correlation coefficient of r = 0.91. Data are plotted as mean ± standard deviation, p < 0.01 (**) and p < 0.001 (***) ◂ SAC-KO mice might be attributed to the specific embryonal knockout of the Smo gene, we used a second mouse model, termed SLC mice (Matz-Soja et al. 2016) , with a conditional hepatocyte-specific knockout of the Smo gene after adolescence at 8 weeks of age (see timeline Fig. S1b ).
When the SLC mice were studied at 3 months of age (similar to that for SAC mice), no significant changes concerning the fertility were obvious, indicating that the interruption of Hh signaling in the adult liver could not immediately reverse the already initiated ovarian cyclicity (Fig. 3a) . However, at 8 months of age, a significant reduction of the number of corpora lutea (0.6-fold) was obvious (Fig. 3a, b) . Correspondingly, the changes in the expression of steroidogenic genes were similar to those seen in SAC-KO mice except for Hsd3b1, which was up-regulated in SLC-KO mice (Fig. 3c) . The plasma levels of testosterone at 8 months of age were only slightly increased (Fig. S4) , fitting with the reduction, but not complete loss of corpora lutea.
Collectively, the findings in SLC-KO mice suggested that the blockade of Hh signaling in the adult stage has a similar but delayed impact on the reproductive capacity of female mice.
Discussion
Our study provides strong evidence that inhibition of the Hh signaling pathway specifically in hepatocytes affects the body's steroid metabolism and reproductive system. The hepatic knockout of Smo is associated with androgenization and infertility in female mice.
The reproductive organs of female SAC-KO mice remain immature, and the vaginal and ovarian histologies are dramatically altered. The vaginal mucosa shows a uniform acyclic appearance. Follicle maturation is interrupted before preovulatory follicles, and corpora lutea are formed. Large clusters of hypertrophied interstitial gland cells occupy the ovarian stroma. Collectively, these findings demonstrate that the initiation of estrus cyclicity is inhibited in SAC-KO mice (Spanel-Borowski et al. 2001; Sandrock et al. 2009 ).
The impact of local Hh signaling on steroidogenic organs is well established and has been recently reviewed by Finco et al. (Finco et al. 2015) . A wide range of publications has shown that local Hh signaling may be essentially involved in these organs' development and growth, and may also play a role in their mature function. In the adult ovary, for instance, several Hh components such as the ligands, Ptch receptors, Smo and Gli1 are expressed, and the inhibition of Hh by cyclopamine leads to altered steroid synthesis in vitro (Russell et al. 2007 ). However, in our hepatocyte-specific Smo knockout mouse models, the steroidogenic organs showed no alterations in Hh expression. The quadratic regression of the Smo expression in the hepatocytes and the corpora lutea quantity demonstrates a strong correlation (r = 0.91), providing evidence that hepatic Smo deletion is the cause of the alterations in the reproductive system.
Female fertility can be negatively influenced by elevated testosterone levels as exemplified in patients with the polycystic ovarian syndrome (PCOS) where hyperandrogenism is a hallmark (Graham and Selgrade 2017) . We measured the concentration of sex steroids in the plasma and found a more than 3.3-fold higher level of testosterone and an increase in androstenedione (1.4-fold) in SAC-KO mice compared with that in SAC-WT mice. The concentration of the hormones DHEAS and E1S was under the lower limit of detection (LLOD). This is consistent with the findings of Nilsson et al. who found that the DHEA concentration was always below the LLOD in mice and that E1 and E2 concentrations were very low in the metestrus (Nilsson et al. 2015) . In general, it is assumed that the production of the steroids primarily occurs in the adrenal glands and gonads where cholesterol is converted by cytochrome P450 hydroxylases and hydroxysteroid dehydrogenases, finally leading to the formation of steroid hormones (Luu-The 2013). We checked the expression of steroidogenic enzymes in these tissues to determine where the additional testosterone was produced. In accordance with the normal Smo expression in these organs, we could not find any relevant changes in the expression of Star, Cyp11a1, Cyp17a1, Cyp19a1 and Hsd3b1 in the ovaries or adrenal glands. The embryonic liver expresses many of the steroidogenic genes at similar or slightly lower levels than the primary steroidogenic organs during postnatal life (Pezzi et al. 2003; O'Shaughnessy et al. 2013) . Hepatic steroidogenic gene expression is normally downregulated during postnatal liver maturation. We suggest that the knockout of Smo leads to continuing steroidogenic gene expression in the hepatocytes of SAC-KO mice, and additional testosterone is produced. Our view is supported Fig. 2 Altered gene expression and sex steroid content in female SAC-KO mice. a Heatmap of Affymetrix microarray displaying the genes with a fold change equal or higher than 2.0 in SAC-WT (n = 1) and SAC-KO (n = 1) mice. b ClueGO analysis of regulated genes (≥1.5-fold in Affymetrix microarray) related to lipid and steroid metabolism; node size indicates the significance of the GO term. c Steroidogenic gene expression in primary hepatocytes of SAC-KO (n = 8) compared to SAC-WT (n = 9) mice. Expression of Star, Cyp17a1, Hsd3b1, Hsd3b2 and Hsd17b2 was quantified by qPCR. d Gene expression of Smo in hepatocytes, adrenal glands and ovaries of SAC-WT (n = 8-9) and SAC-KO (n = 8-10) mice. e Concentration of sex steroid hormones in plasma of SAC-WT (n = 10) and SAC-KO (n = 16) mice. Measurement by LC-MS/MS of testosterone (TESTO), androstenedione (ANDRO) and progesterone (PROG); dehydroepiandrosterone sulfate (DHEAS) and estrone sulfate (E1S) were not detectable (n. d.). Data are plotted as mean ± standard deviation, p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) ◂ by microarray analysis, revealing significant alterations of GO terms belonging to the steroid metabolism ('steroid metabolic process', 'steroid biosynthetic process' and 'androgen biosynthetic process'), and by qPCR measurements, which confirmed the up-regulation of Star and Cyp17a1 in the hepatocytes of SAC-KO mice (Fig. 4) . In line with these findings is the down-regulated gene expression of the enzyme responsible for the inactivation of testosterone, Hsd17b2. Moreover, an inhibition of the Hh pathway at a later time point such as that in SLC mice can re-induce Cyp17a1 expression in hepatocytes. Grasfeder et al. published that fasting conditions can also induce Cyp11a1 and Cyp17a1 expression and DHEA synthesis in the liver mediated by peroxisome proliferator-activated receptor-γ coactivator (PGC)-1α (Grasfeder et al. 2009 ). Our results indicated that SAC and SLC mice, even if they have hypoinsulinaemia and steatosis, have no fasting phenotype (Matz-Soja et al. 2014 . However, our results and those of Grasfeder showed that the liver indeed can play a role in steroidogenesis.
In general, the results obtained for SAC-KO mice were confirmed by the second mouse model with a hepatocytespecific Smo deletion, SLC mice. In the SLC mice, the knockout was induced by doxycycline after puberty at 8 weeks of age to avoid the negative effects of Hedgehog down-regulation on fetal and neonatal liver development. At 8 months of age, the quantity of corpora lutea was significantly reduced, the steroidogenic gene expression was altered with a significant increase of Star and Cyp17a1, and the testosterone concentration was slightly increased in SLC-KO mice compared with that in SLC-WT mice. Because the deletion of Smo is induced 8 weeks after birth, we assumed that more time is needed for the systemic manifestation and adaption of the Hh down-regulation so that we can find the above results only in older SLC animals. Because we obtained that similar results in both the SAC-KO and SLC-KO mice, independent of the strategy of Smo deletion, show that the observed effects have general significance and are not artefacts from the mouse model.
Matz-Soja et al. published recently that the Smo deletion in male and female SAC-KO mice has an impact on the IGF-axis and that the hepatic gene expression (2.7-fold in females) and serum concentration of IGF-1 (fourfold in females) are significantly decreased (Matz-Soja et al. 2014) . IGF-1 is known to influence growth and fertility. By comparing the phenotype of the SAC mouse model with different Igf1 knockouts, some similarities were observed. The hepatocyte-specific Igf1 knockout mouse model shows an equal reduction of the IGF-1 concentration (Yakar et al. 1999) , but the mice are fertile, although the length of their estrous cycle is doubled (Villa et al. 2012) . Only wholebody knockout of Igf1 and total ablation of IGF-1 lead to infertility, a reduced ovary size by 75% and a limited follicle maturation followed by no ovulation (Baker et al. 1993 (Baker et al. , 1996 . Even if some features are comparable, the reduced IGF-1 levels in the SAC-KO mice seem to be not the only explanation for the infertility. Female SAC mice show only reduced levels of IGF-1 and are still infertile such as Igf1-null mice. Furthermore, the most likely explanation of the infertility in the Igf1-null mutation is an impairment of the steroidogenesis in the gonads (Baker et al. 1996) , but this is not transferable to SAC-KO mice because the expression analysis of the ovaries and adrenal glands revealed no changes. Unfortunately, no data on the impact of the liver on infertility in Igf1-mutant animals have been published. It would be interesting to study the possible changes of steroidogenesis in hepatocytes of the hepatic Igf1-knockout or Igf1-null mice.
Infertility is a huge issue because 8-12% of reproductive-aged couples worldwide are affected (Ombelet et al. 2008) . There are many different causes of infertility such as age (Somigliana et al. 2016) , genetic defects (Maiburg et al. 2012; Grynberg et al. 2016) , medical interventions or hormonal disorders accompanied by ovulatory dysfunctions (Luciano et al. 2013) . Polycystic ovarian syndrome (PCOS) is one of these diseases and is characterized by chronic anovulation, hyperandrogenism and/or polycystic ovaries (Carmina 2004) . Furthermore, a strong correlation between disturbances in female fertility and liver steatosis is observed (Targher et al. 2016) . SAC-KO mice share major symptoms of the PCOS disorder, i.e., androgenization and disturbed follicle maturation. As published previously, Smo deletion is associated with strong lipid accumulation in the liver and shows typical features of non-alcoholic fatty liver disease (NAFLD) (Matz-Soja et al. 2016) . Even if the SAC mice do not show the entire clinical manifestations of adult PCOS patients, the similarities are striking and suggest to further investigate the regulation of Hh signaling in PCOS patients. Interestingly, fertility in some cirrhotic female liver recipients is resumed after liver transplantation (Christopher et al. 2006 ). Overall, it seems that the liver has a crucial impact on reproduction under disease conditions.
In conclusion, hepatocyte-specific deletion of the Hh receptor Smo in female SAC mice results in androgenization and infertility, the latter as a consequence of partial ovarian failure (defective follicle maturation, anovulation and the absence of a luteal phase). Because it has been suggested that targeting the Hh pathway may hold the key for anti-cancer therapy, our results seem to be of considerable interest. For instance, the application of the approved SMO inhibitor Sonidegib shows promising results in reducing cancer growth but also reveals manifold and severe side effects (Migden et al. 2015) . Our study raises a new concern in that it suggests that female fertility could be considerably diminished by targeting the Hh pathway, particularly during long-term treatments.
